Objectives: To investigate the performance of the two backbone drugs in the standard combination therapy regimen in the hollow-fibre system (HFS) model of pulmonary Mycobacterium avium complex (MAC) infection.
Introduction
Mycobacterium avium complex (MAC) is the most common cause of lung disease caused by non-tuberculous mycobacteria in many countries. [1] [2] [3] [4] The currently recommended therapy for pulmonary MAC is a macrolide backbone (clarithromycin or azithromycin) and ethambutol, to which a rifamycin (rifampicin or rifabutin) may be added. 5 It is known that the primary drug in the regimen is the macrolide, with ethambutol considered a vital companion drug. According to prescribing guidelines, patients should be treated until culture negative on therapy for 1 year. 5 This factor alone indicates that the kill rates of the current regimen are expected by clinicians to be extremely poor, and thus the time to total sterilization of lesions takes years. The role of aminoglycosides as companion drugs is somewhat unclear and controversial. 6 The dosing schedule of daily versus intermittent therapy has also been debated. 7, 8 In the accompanying meta-analysis of prospective clinical studies, 9 we found that the standard regimen is associated with a success rate of only 55% after 6 months, and 22% after 1 year of therapy; this is worse than the outcomes for multidrug-resistant (MDR) tuberculosis and in the same range as for the streptomycin plus pyrazinamide dual therapy in the retreatment of tuberculosis in the East Africa study conducted 50 years ago. 10 We have shown that as single therapy, azithromycin or ethambutol each have a transient effect. However, the drugs may work better in combination due to synergy: after all, therapy is given as combination therapy. Here, we were interested to examine the efficacy of this combination regimen in the hollow-fibre system of MAC (HFS-MAC). Our objective was to evaluate the kill rates of the combination azithromycin/ethambutol, and identify any role acquired drug resistance (ADR) may play.
The pharmacokinetic/pharmacodynamic (PK/PD) index associated with optimal microbial kill by azithromycin is the 0-24 h area under the concentration-time curve (AUC 0-24 ) to MIC ratio. 11 We have identified the optimal free-drug AUC 0-24 /MIC for MAC kill to be a ratio of 3.43. The maximal kill by azithromycin monotherapy was 0.6 log 10 cfu/mL below day 0 bacterial burden; however, microbial kill lasted only 7 days and the systems exposed to concentrations achieved by the recommended standard doses developed ii20 J Antimicrob Chemother 2017; 72 Suppl 2: ii20-ii23 doi:10.1093/jac/dkx303 ADR, which was the cause of therapy failure. The azithromycin AUC 0-24 /MIC associated with suppression of ADR was a ratio of 7.51. 12 On the other hand, the PK/PD index associated with optimal kill by ethambutol was the peak/MIC ratio. 13 The optimal peak/MIC ratio for the ethambutol effect was 13. However, ethambutol did not actually kill MAC to below the day 0 burden in the HFS-MAC, but merely constrained its growth, and was thus bacteriostatic. Here, we were interested if the dual-therapy regimen achieved microbial kill as high as the sum of the two, and if they protected each other from ADR.
11,14

Materials and methods
Bacteria, media and other supplies
Prior to each experiment the stock culture of MAC (ATCC 700898) was thawed and grown to log phase at 37 C in Middlebrook 7H9 broth supplemented with 10% OADC under shaking conditions. Human-derived THP-1 monocytes (ATCC TIB-202) were purchased from the ATCC (Manassas, VA, USA). Hollowfibre cartridges were purchased from FiberCell (Frederick, MD, USA). RPMI 1640, heat-inactivated FBS and ethambutol were purchased from Sigma (St Louis, MO, USA). Azithromycin was purchased from the University of Texas Southwestern Medical Center campus pharmacy. Azithromycin and ethambutol were diluted using distilled water and filter sterilized.
Efficacy of the ethambutol/azithromycin combination regimen in the HFS-MAC
The MAC isolate we used in all our experiments has an ethambutol MIC of 8 mg/L, and an azithromycin MIC of 32 mg/L, based on our prior studies. 11, 12 MAC was grown to logarithmic growth phase (log-phase growth), as described previously.
11,12,14,15 THP-1 cells were propagated in RPMI 1640 and 10% FBS (RPMI/FBS), as described in the past. 14, 15 The log-phase growth culture of MAC was adjusted to a bacterial density of 1.5%10 6 cfu/mL, and then used to infect 1.5%10
6 THP-1 cells/mL by co-incubating overnight at 37 C under 5% CO 2 , for a multiplicity of infection (MOI) of 1:1. The infected monocytes were washed twice with warm RPMI 1640 by centrifugation at 100 g for 5 min to remove the extracellular bacteria. The THP-1 cells were examined in a haemocytometer for cell counts and viability after staining with trypan blue. Next, 1 mL of the infected THP-1 cells was lysed using PBS mixed with 0.5% Triton X-100. The cell lysate was serially 10-fold diluted and cultured on Middlebrook 7H10 agar and incubated for 14 days at 37 C under 5% CO 2 , after which the colonies were counted to determine the actual MOI achieved.
The detailed description of the HFS-MAC for pulmonary disease has been published elsewhere.
14,15 THP-1 cells, infected as described above, were inoculated into the peripheral compartment of each of six HFS-MAC (20 mL per HFS-MAC). The HFS-MAC were maintained at 37 C under 5% CO 2 with circulating RPMI/FBS. Three HFS-MAC were treated with the human equivalent dose of ethambutol (15 mg/kg) plus azithromycin (500 mg) once daily for 28 days. 5 We recapitulated the concentrationtime profiles of these two antibiotics as encountered in the lungs of patients, based on previous publications. 16, 17 The other three HFS-MAC served as the non-treated controls. In order to validate that the intended concentration-time profiles had been achieved, the central compartment of each HFS-MAC was sampled at 0, 1, 2, 6, 12, 18 and 23.5 h after the first drug infusion. The infected THP-1 cells in the peripheral compartment of the HFS-MAC were sampled on days 0, 3, 7, 14, 21 and 28 and processed as described above for a count of the total number of the viable THP-1 cells as well as to enumerate the bacterial burden in each system. The same samples were also cultured on Middlebrook 7H10 agar containing 3 % MIC of either ethambutol or azithromycin. The plates were incubated for 14 days at 37 C under 5% CO 2 , after which the colonies were counted. The drug-supplemented agar was incubated for 21 days before the colonies were counted. GraphPad Prism (v. 6.05) was used to compute the kill rates of the combination regimen, and for an analysis of variance to compare the two-drug combination regimen with the non-treated controls at each timepoint. The HFS experiment was performed twice with three replicates for each regimen.
Measurement and analysis of drug concentration
Samples from the HFS-MAC central compartment were analysed for ethambutol and azithromycin concentration using validated liquid chromatography-tandem mass spectrometry methods, as described previously. 12, 14 There was no modification of the published method. Pharmacokinetic modelling was performed using ADAPT 5 software. 18 Steps taken in the pharmacokinetic analysis were as outlined in prior publications. 11, 12, 14, 15, 19 
Results
The concentration-time profile of ethambutol achieved a biphasic shape with a half-life of 3 h for the first 12 h and of 8 h between 12 and 24 h, as occurs in patients. The ethambutol extracellular C max /MIC ratio achieved was 0.71, which translates to an intracellular C max /MIC of 13. 13 Azithromycin achieved a half-life of 12 h, as encountered in patients. The extracellular azithromycin AUC 0-24 /MIC ratio achieved was 2.97, which translates to an intracellular AUC 0-24 /MIC ratio of 24333.
12
The THP-1 cell counts at each sampling timepoint are shown in Figure 1 . There was no difference in the total THP-1 counts between the treated or non-treated systems at any of the sampling timepoints. Thus, the MAC continued to be intracellular throughout the experiment. Figure 2 shows the day-to-day changes in the total MAC burden in the systems over the 28 day treatment period. The bacterial burden in non-treated HFS-MAC replicates grew at a rate of 0.18+0.02 log 10 cfu/mL/day to reach 8.53+0.43 log 10 cfu/mL. The combination of ethambutol and azithromycin killed, at a maximum, 1.52+0.43 log 10 cfu/mL below the starting bacterial burden. This is better than the sum of the maximal effect of each drug as Failure of azithromycin/ethambutol backbone in pulmonary MAC JAC ii21 monotherapy based on our prior studies. 11, 14 As shown in Figure 2 , this was achieved on day 7. After day 7, the two-drug combination regimen failed as reflected by the change in the direction of the slope of the bacterial burden. By day 28, the MAC burden in the drug-treated systems had caught up with non-treated controls and had a bacterial burden of 8.72+0.21 log 10 cfu/mL. Accordingly, analysis of variance revealed a difference of # 5.10 log 10 cfu/mL (95% CI # 6.65 to # 3.55 log 10 cfu/mL) between untreated controls and the dual regimen on day 7, but there were no statistically significant differences on subsequent days. Thus, the effect of the combination regimen was transient.
Why did the dual regimen fail? The MAC bacterial burden on drug-supplemented agar, intended to measure ADR, is shown in Figure 3 . The figure shows that failure of the regimen coincided with the emergence of a sub-population resistant to 3 % MIC of ethambutol (i.e. low-level resistance). On the other hand, there was no change in proportion of a sub-population resistant to ethambutol at 3 % MIC relative to total population in the untreated HFS. Thus, the proportion of the population that was ethambutol resistant rose due to treatment with the combination regimen. However, there was no resistance to azithromycin 3 % MIC in any of these experiments. This means that resistance to ethambutol alone was enough to lead to failure, basically reverting to the pattern of azithromycin monotherapy observed in the past in the HFS-MAC.
Discussion
The dual-therapy regimen of azithromycin and ethambutol achieved bactericidal activity that was higher than the sum of the two monotherapy regimens attained in our prior studies in the same system in the past. 11, 14 This means that the combination has some merit in terms of synergy. However, the extent of kill by the two drugs only just exceeded 1.0 log 10 cfu/mL kill, and was transient. In fact, the period of downward decline in bacterial burden was not longer than for azithromycin therapy alone. 11 This was despite the use of optimal exposures of the two drugs, which we have shown are not actually achieved in vivo by current standard dosing recommendations. In other words the backbone regimen failed even though we used the optimal exposures of these two drugs. This means that the backbone of the standard regimen has very poor kill rates, and this probably explains the poor and slow kill rates encountered in patients. The findings call for replacement of this regimen with another that can kill faster than 1.0 log 10 cfu/mL in 1 week and has a sustained effect beyond 7 days. In an accompanying manuscript, we show that with addition of rifabutin to this combination, there is a higher depth of kill by the full triple-therapy regimen, which killed to 2 log 10 cfu/mL below day 0, and did not fail until after 14 days. 20 Failure of the dual combination coincided with emergence of low-level ethambutol resistance. First, the emergence of ADR was rapid, and halted microbial kill within 1 week of therapy. However, we did not perform sequencing of the drug-resistant isolates to confirm mutations associated with ethambutol resistance. Second, while we did not detect azithromycin ADR, failure of the combination regimen could suggest that low-level azithromycin resistance was nevertheless present, and after the effect of ethambutol was abrogated, reverted to the profile encountered with azithromycin monotherapy.
14 It seems likely that the low-level azithromycin resistance could have been below 3 % MIC, as is the case with some efflux pumps that are associated with low-level resistance early during the 'antibiotic resistance arrow of time', which could explain our failure to detect that with our assay. Nevertheless, this points to a potentially important role for a third drug, such as a rifamycin. Perhaps the drugs we assume are central, such as azithromycin and ethambutol, contribute less in the regimen than is currently believed. However, if the contribution of rifamycins was equivalent in magnitude to those of azithromycin and ethambutol, the contribution would also only be transiently effective, and perhaps only contribute a few more weeks of effectiveness. This proposition is tested in an accompanying manuscript. 20 Alternatively, failure could be 'phenotypic resistance' as a result of tolerance, due to non-replicating persistent MAC. It is known that MAC can form biofilms, in which persisters are enriched. 21 In the future, we will examine the MAC transcriptome in Figure 3 . Emergence of drug resistance. For the first 3 weeks of the treatment the ethambutol-resistant sub-population decreased as a proportion of the whole population in both non-treated controls and the systems treated with the standard regimen. Interestingly there was an increase in the ethambutol-resistant subpopulation on day 28, and this was greater than the proportion present at the start of the experiment.
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ii22 HFS-MAC, to identify if there is a switch to a biofilm signature during the treatment with antibiotics.
There are some limitations to the study. First, we used only one standard laboratory strain of MAC. There could be diverse responses when a larger number of MAC strains are used, across a range of MICs. Since hollow-fibre studies are expensive, an alternative approach is to use a computer-aided clinical trial simulation incorporating the MIC distribution, which provides information on the target attainment probability of the dose across the MIC range. A second limitation is that we observed no emergence of azithromycin resistance. The reason could be the presence of very low-level azithromycin resistance in a subpopulation, which was killed by 3 % MIC of azithromycin. Also we did not use molecular assays, which might have helped to detect the presence of a low-level resistant sub-population. Nevertheless, these limitations do not undermine our overall findings, which are that the two key drugs in the standard therapy regimen, ethambutol and azithromycin, even at optimal exposure, did not have a sustained effect against intracellular MAC. There is thus a need for the development of a new backbone for a treatment regimen that can kill effectively and faster than the currently used regimen.
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